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Abstract—The regular topology of mesh-based network-on-chip (NoC) provides

flexible and scalable architecture for chip multiprocessor (CMP) systems.

However, as the complexity of network increases, routing problems become

performance bottlenecks. In the field of wide area networks (WANs), ant colony

optimization (ACO) has been applied to an adaptive routing for improving

performance and achieving load balancing. Nevertheless, if we directly apply ACO

to NoC systems, the implementation cost of ACO is excessively high. To

overcome this problem, the ACO-based adaptive routing must be reformulated

while considering both router cost and NoC efficiency. This work proposes the

regional ACO-based cascaded adaptive routing (RACO-CAR) scheme with the

following techniques: 1) table elimination by removing redundant information,

2) table sharing by grouping pheromone information to merge table content, and

3) cascaded routing that assigns traffic to different uncongested regions to balance

traffic. Our experimental results demonstrate that the RACO-CAR scheme has an

improvement of 3.9-36.84 percent in saturation throughput compared with existing

adaptive routing schemes. The implementation cost of the RACO-CAR router is

only 37.4 percent of that of the ACO-based router with full routing table. Therefore,

the proposed RACO-CAR scheme has high area efficiency, defined as saturation

throughput divided by the total cost of router.

Index Terms—Network-on-chip, adaptive routing, ant colony optimization, routing

table reduction
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1 INTRODUCTION

WITH advancing semiconductor technology, the increased com-
plexity and interconnection delay becomes the limiting faction of
system-on-chip (SoC) performance. To increase the efficiency of
interconnections and meet data transfer requirements, the net-
work-on-chip (NoC) system has proven to be a flexible, scalable,
and reusable solution for chip multiprocessor (CMP) systems [1],
[2], [3]. Regular mesh topology is one of popular architectures for
CMP design because of their simple structure and ease of imple-
mentation. Although the mesh has a natural 2-D layout that keeps
channel lengths short, it gives up the edge symmetry and causes
load imbalance. As system size increases, traffic load tends to
become more unbalanced and unpredictable with various applica-
tions [2], [3], [4]. Consequently, network channels are prone to con-
gestion, which increases queuing delay. This increased packet
delay results in poor performance for real-time CMP systems. To
minimize traffic congestion, an effective adaptive routing algo-
rithm is desired for load balancing and throughput improvement.

Adaptive routing dynamically determines the path for each
packet based on network status. It consists of a routing function and
selection function, as shown in Fig. 1. The routing function generates
a set of candidate channels based on turn models [5], [6], while the

selection function chooses one candidate based on network informa-
tion [7], [8]. Conventional selection functions use local output queue
length as their congestion metric. If the amount of detailed network
information for the selection function is increased, selection quality
can be improved, such that a balanced traffic distribution can be
achieved. Therefore, the selection function markedly affects net-
work performance for all adaptive routing algorithms [7], [8].

To improve network performance, in the field of wide area net-
works (WANs), ant colony optimization (ACO) has been applied to
a distributed routing [9], [10], [11]. The ACO technique is a biologi-
cally inspired optimization algorithm that imitates real ant colonies
[14]. Pheromones, attractants, accumulate rapidly on paths many
ants use, such that ACO can be applied to identify the optimum
path to a desired target [23], [24]. To achieve balanced traffic of
NoCs, ACO-based adaptive routing algorithm has been proposed
to replace conventional selection functions with an ACO-based
selection function [12], [13], as shown in the right hand side of Fig. 1.

The ACO-based selection function implements the ACO tech-
nique, which consists of the state transition rule and the ACO rout-
ing table. Since the ACO-based selection function simultaneously
considers historical channel information and current buffer information
to predict the traffic distribution in a distributed manner, it can be
applied to solve congestion problems. Namely, historical channel
information can increase routing robustness against traffic bursts
and help estimate traffic-flow trends. Current buffer information
can assist with routing by dynamically adjusting paths. Therefore,
ACO-based adaptive routing has a high potential to distribute traf-
fic evenly to uncongested channels and routers in NoC systems.

The cost of ACO-based adaptive routing, however, is too high
for implementation in resource-limited NoCs. Fig. 2a shows the
routing table of ACO for WAN applications. Note that historical
information, called pheromones, for all source-destination pairs
must be stored in the routing table of each router. Therefore, to
directly implement ACO-based adaptive routing for an NoC, the
cost will be extremely high and not feasible. For instance, in a
16� 16mesh, each router must store 1,020 pieces of data—255 des-
tinations by four directions (i.e., north, east, south, and west).
Moreover, memory cost, table access time, and power consumption
increase significantly as network scale increases.

When designing a low-cost ACO routing table, one should con-
sider the NoC topology, router dependency, and the characteristics
of pheromones, as shown in Fig. 2b. In this work, we identify two
important features of pheromones in the applications of ACO-
based NoC:

� Pheromone values are redundant for distant routing.

� Pheromone values of adjacent routers are correlated.

Based on these features, we can design a routing table with
regional awareness, which has potential to reduce routing table
cost. The proposed techniques of our work consist of 1) Regional
ACO (RACO) and 2) Regional ACO-based cascaded adaptive rout-
ing (RACO-CAR). In summary, the main contributions of this
paper are:

� By considering the features of pheromones, the proposed
RACO scheme integrates table elimination technique (TET)
with table sharing technique (TST) to achieve a cost-effective
design with suitable algorithmic transformation. The cost
of routing table can be reduced by 96.86 percent for a 16 �
16 mesh.

� For the detailed performance evaluation, we analyze the
latency distribution of RACO-CAR and the performance
scalability for different NoC sizes. We show that RACO-
CAR has higher saturation throughput than existing adap-
tive routing schemes.

� The VLSI architecture of RACO-CAR is designed and
implemented. From our experiments, the total cost of the
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implementation of this router is only 30.2 percent of that of
the conventional ACO-based router with full routing table.
The RACO-CAR scheme has the highest area efficiency
among the other router designs. The overhead of RACO-
CAR is also feasible for NoC designs.

2 REVIEW OF RELATED WORKS

Adaptive routing can be divided into two subgroups: minimal and
non-minimal routing algorithms. To solve livelock and deadlock
caused by non-minimal paths within reasonable cost, we focus on
the design of minimal adaptive routing in this paper.

2.1 Traffic-Aware Adaptive Routing for NoCs

Traffic-aware adaptive routing algorithms select an output channel
according to traffic information. These selection functions are able
to adjust path selection based on time-variant congestion status.
Two information types, local information and regional information,
are adopted in traffic-aware adaptive routing. First, local routing
information considers such local information as downstream
buffer count and available flit slot to assess traffic status. The output
buffer length (OBL) selection function, for instance, chooses an out-
put channel buffer that has the maximum number of available flit
slots [16], [17]. This flit slot information can be exchanged between
two neighboring routers. Similarly, the proximity congestion aware-
ness technique [18] uses stress values, which are load information
of neighboring switches, to avoid congested areas.

The second type is regional routing information. For example, a
low latency router [19] utilizes the look-ahead congestion detec-
tion, which uses free buffer count at a downstream router for con-
gestion estimation. The neighbors-on-path (NoP) selection function
[20] chooses an output channel with a short occupied buffer length
on possible channels of neighboring routers on a path. Regional con-
gestion awareness (RCA) routing [15] and destination-based adaptive
[21] use aggregated congestion information, which is propagated
by a monitoring network among adjacent routers to balance load-
ing. However, these routings require additional wires between
adjacent routers to monitor congestion. This additional overhead
may not be acceptable in resource-constrained NoCs.

As mentioned, all of these schemes monitor traffic status
according to spatial network information only. Using this cur-
rent spatial information to make routing decisions is efficient
for regional balance. However, the bottlenecks of these schemes
are as follows:

� Using only local network state information results in global
imbalance, especially for large NoCs [22].

� Congestion estimates based only on spatial network infor-
mation may not be sufficiently accurate.

Therefore, when historical network information is considered,
the estimation of congestion may become representative [9], [10],
[12]. Since network traffic has certain time dependence, historical
information can help estimate traffic-flow trends. Thus, this work
applies ACO, which combines historical and spatial congestion
information as a congestion metric, to improve selection quality.

2.2 ACO-Based Adaptive Routing

The AntNet [9] was the first ACO-based adaptive routing algorithm
for WAN-based applications. Unlike conventional routing
schemes, such as the routing information protocol (RIP) and open
shortest path first (OSPF) routing, which focus on shortest path
routing, AntNet optimizes the performance of a global network by
identifying the historically least-congested channel with the most
pheromone [9], [10]. The principal contribution of AntNet is that
routing decisions are made in a distributed manner by combining
historical information and the current local buffer state. Addition-
ally, AntNet can adapt to varying traffic loads and outperform
shortest path routing [25].

For the applications of NoCs, the ACO-based routing technique
was designed to minimize the number of hotspots [12]. By adopt-
ing the exponential moving average of pheromones, multi-phero-
mone ACO [13] uses the rate of change in congestion information
to enhance trend prediction for global load balancing. Further-
more, to provide extra feedback congestion information, back-
ward-ant mechanism [33] was discussed and modified for ACO-
based adaptive routing in NoCs. The primary behaviors of ant col-
onies in these routing algorithms are modeled by the state transi-
tion rule, which are shown in

P
0 ðj; dÞ ¼ P ðj; dÞ þ aLj

1þ að Nkj j � 1Þ; j 2 fnorth; east; south; westg; (1)

whereP ðj; dÞ is the pheromone that determines the probability of send-

ing a packet from the current router to a destination router d via chan-

nel j.Lj is the normalized value of output buffer length at channel j;Nk

is the number of channels in router k, and a is a weighting coefficient of

historical and local network information. The detailed operation of

ACO-based adaptive routing is shown in the supplemental material I,

which can be found on the Computer Society Digital Library at http://

doi.ieeecomputersociety.org/10.1109/TC.2013.2296032.

Moreover, for considering the cost of routing table, the rough
idea of table reduction [30] was proposed to retain representative
pheromones. Nevertheless, the memory usage is still high for a
large-scale network. To further reduce the cost, the idea of regional
table was proposed in [31]. However, it induces the high perfor-
mance degradationwhenmerging the redundant information, espe-
cially for large network sizes. As mentioned, these two approaches
are difficult to achieve a cost-effective design for large-scale NoCs.
Therefore, based on [30] and [31], this work focuses on ACO imple-
mentation issues to simultaneously consider cost and performance.

Fig. 2. (a) ACO routing table of source router in WAN applications. (b) ACO routing
table of source router in a k � k mesh NoC system.

Fig. 1. ACO-based adaptive routing algorithm in NoC.
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2.2.1 Problems Encountered When Implementing the ACO

Routing Table in NoCs

As NoCs have limited resources, the central problem of ACO-
based routing is that routing table entries increase significantly as
the scale of a k� kmesh NoC increases. Thus, two problems arise:

� Scalability problem. The number of table entries in a router is
Oðk2Þ, and each router has a table, such that the memory
cost of the entire NoC is Oðk4Þ. Memory cost increases
markedly faster than k increases.

� Increasing time and power for table access. Along with the scal-
ability problem, when updating and retrieve pheromones,
time cost and power consumption grow significantly when
searching for a certain entry in a large table.

In summary, these problems result in a high implementation
cost and adversely affect network performance. Therefore, one
goal of this work is to reduce ACO routing table cost and achieve
better cost-effective ACO-based routing than previous adaptive
routing schemes.

3 PROPOSED TECHNIQUES FOR REGIONAL ACO

The proposed RACO is composed of two techniques: 1) table
elimination, which eliminates entries by removing redundant
information; and, 2) table sharing, which merges entries by shar-
ing similar information.

3.1 Modeling Pheromones in RACO-Based NoC

When designing a low-cost ACO routing table, the characteristics
of pheromones in the NoC will be analyzed further. Analytical
results will provide information for amending the ACO algorithm
to fit NoC environments.

3.1.1 Redundant Pheromone for Distant Routers

Pheromone is the state transition probability of making a routing
decision and is derived from traffic status of a local router accord-
ing to (1). In [26], the concentrated pheromone evaporates when
distance increases, and pheromone intensity can be represented by
a normal probability distribution function. Therefore, the phero-
mone becomes unrepresentative as the distance between the cur-
rent router and destination router increases. Namely, traffic status
of routers far away cannot be predicted accurately. The unrepre-
sentative information of distant destinations can be eliminated
from the table to reduce cost. That is, one can remove some phero-
mones for far destinations to simplify the routing table with little
performance impact. This table elimination technique is discussed
in Section 3.2.

3.1.2 Similar Pheromone Behavior among Adjacent Routers

In WANs, long link delays and non-stationary irregular topologies
cause weakly dependent pheromones between adjacent routers.
However, for NoCs, pheromones are strongly correlated. In NoCs,
since mutually dependent pheromones in a region near a router
will be from similar traffic conditions, the pheromone behavior
among adjacent routers is similar. This correlation can help when
merging routing table information to reduce cost. Furthermore, the
merged region in the routing table shares pheromone and is
updated whenever an ant packet travels to any destination within
this region. Ant packets can acquire historical information of mutu-
ally dependent routers, and make an improved decision, even
when they have never reached the destination. This table sharing
technique is discussed in Section 3.3.

3.2 Table Elimination Technique

The proposed TET removes unrepresentative entries from the
table. The two features of table elimination are as follows:

� Eliminating far destinations to reduce the number of
columns.

� Eliminating prohibited output channels to reduce the num-
ber of rows.

The first feature removes unrepresentative information of far
destinations. The state transition probabilities are stored in the
table, including information for all destinations. However, these
probabilities are derived from the traffic status of local routers. The
information of distant destinations becomes an unnecessary and
ineffective index when making routing decisions. Therefore, this
work eliminates information for distant destinations from the table
to reduce memory cost and minimize performance degradation.
Second, according to the different turn models of routing functions,
prohibited channels can be removed from the routing table to
avoid storing invalid pheromone information. For instance, using
the odd-even turn model for minimal routing can reduce the size
of the table by at least 50 percent.

The goal of TET is to obtain representative pheromones while
minimizing performance degradation. Therefore, to retain the
same observation window of routing table for representative pher-
omones, the original routing table can be reshaped into a diamond
from a square, as shown in Fig. 3a. The size of observation window
ðWobÞ is defined as hop counts between the center and vertices of
the diamond. In this work, the range of observation window size
ðWob;meshÞ of a k-ary n-mesh network can be set as

Wob;mesh � dnk6 e; k is even;

dnðk6 � 1
6kÞe; k is odd:

�
(2)

This means that the diagonal distance of diamond observation
region is more than or equal to the average hop count over all
source-destination pairs in a mesh. Therefore, by this setting, TET
has the potential to cover most routing paths for packet transmis-
sion. Furthermore, in a real-time NoC system, processing elements
that often communicate with each other are usually placed in prox-
imity to each other for minimizing the length of routing path [19].
Due to this property of NoC, the suitable size of observation region
can help reserve the pheromones of popular paths for making a
routing decision with very little performance degradation. On the
other hand, if the size of observation window is too small, the per-
formance may degrade dramatically. Therefore, in different topolo-
gies, one must still run a simulation to choose a suitable Wob to
minimize performance degradation.

The table compression ratio of information elimination
ðTCRTET Þ for the diamond in the k-ary 2-mesh is given by

TCRTET ¼ W 2
ob þ ðWob þ 1Þ2 � 1

k2 � 1
: (3)

Table cost is TCRTET , which is always < 1, multiplied by the
full routing table size. For instance, a 6� 6 mesh network topology
exists in Fig. 3a. By (2) and (3), Wob;mesh can be set as 2; therefore,
TCRTET is approximately 0.343. That is, table size can be reduced
by 65.7 percent.

Fig. 3. (a) For column number reduction. (b) For row number reduction.
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In Fig. 3b, due to the minimal routing function, the entries of
non-minimal output channels can be removed from the table.
Therefore, to further reduce the number of column, destination
identifications can be merged into a new group (i.e, G1, G2, G3, or
G4). The total size of the reshaped table can be reduced by 66.7 per-
cent. However, in the reshaped table, it is difficult to directly search
a table entry according to the destination identification. Besides,
since the size of reshaped table is still proportional to Oðk2Þ, the
overhead of searching must increase as the table size increases.
TET may suffer from the scalability problem. In Section 3.4, due to
similar pheromone behavior among adjacent routers, the proposed
RACO can further reduce the searching overhead of TET.

3.3 Table Sharing Technique

3.3.1 Definition of Shared Region

The table sharing process combines NoC routers into regions. A
region shares congestion information and then becomes a table
entry. The region problem can be complex because multiple
regions can form with different sizes (i.e., number of routers in a
region), shapes, and locations in a table. Moreover, these settings can
vary on the Oðk2Þ tables of a k� k mesh NoC. To simplify this
problem, one first limits the number of entries (i.e., number of
regions) to be the same value for different routing tables for regu-
larity; NE is defined as the number of entries. Therefore, the table
compression ratio of information sharing ðTCRTST Þ is given by

TCRTST ¼ NE

k2 � 1
: (4)

3.3.2 Shared Region Division

A TST is applied to share similar pheromones among adjacent
routers. TST is defined as the location of shared regions changes
with the different source router positions. The source router is con-
sidered the origin of the coordinate axis and extends the four chan-
nels to divide the NoC into four regions, which resemble four
quadrants. For further division of regions, one can increase the
number of regions NE from, say, 4 to 8 and to 16; all are the power
of 2. Thus, size and shape vary in different regions. However, for
an NoC of a certain size, excessive division is meaningless because
the maximum number of routers is limited.

In an 8� 8 mesh NoC, for example, shape is set as a fan shape
with different angles; 4 and 8 are assigned as NE values, as shown
in Figs. 4a and 4b, respectively. The routers on the boundary will be
arbitrarily assigned to adjacent regions. However, due to the NoC
mesh structure, the resulting shapes will be squares or triangles
depending on angle division. This work attempts to avoid complex
calculations and chooses anNE value that is as small as possible.

3.4 The Entire Scheme of RACO

The entire RACO scheme, which integrates TET with TST, has two
advantages:

� The performance degradation of RACO is smaller than that
of TST. Since it removes redundant information for distant
routers, only representative pheromones need to be stored

and shared in the routing table. That is, it enhances the
accuracy of the shared pheromones.

� The overhead of searching table in RACO is smaller than
that in TET. Since RACO applies TST to further reduce the
table size, the complexity of searching method of RACO
can be reduced.

Fig. 5 shows an example of RACO scheme in an 8� 8 mesh
NoC. The first step is to remove the pheromones of distant destina-
tions (white circles) by TET. That is, we only use representative
pheromones in observation region (grey circles) to make a routing
decision. Next, TST merges the adjacent pheromones (grey circles)
to a new-shared region, which is the intersection between the
observation region and the original shared region. A new-shared
region (i.e., R1, R2, R3, or R4) shares congestion information and
then becomes a column in the table. Finally, due to the minimal
routing function, we can further reduce the number of column. For
instance, R1 and R3 can be merged into a new group (G1). The
pseudo codes of TET and TST are shown in the supplemental mate-
rial II, available online. Based on this RACO scheme, the cascaded
adaptive routing is proposed in the next section.

4 RACO-BASED CASCADED ADAPTIVE ROUTING

4.1 Cascaded Adaptive Routing Scheme

Since some information for distant destinations is not kept in the
routing table when using RACO, one cannot directly obtain phero-
mones from the observation region in the local router. The routing
algorithm does not discover a routing path in one step for distant
destinations. Therefore, this work applies the cascaded adaptive
routing scheme to overcome this problem. This scheme chooses a
cascaded region, which is the set of intermediate routers lie in the
minimal quadrant between source and destination, for forwarding
packets. Packets are passed through the cascaded region and then
routed to the destination. Fig. 6 shows the flowchart of cascaded
adaptive routing. The detailed execution is as follows:

� Step 1. Determine whether the destination is in the observa-
tion region.

� Step 2. If the destination is not in the observation region,
find and select a cascaded region from candidate cascaded
regions. According to the pheromones of the selected cas-
caded region, ACO-based selection function chooses an

Fig. 5. The entire scheme of RACO (TET and TST).

Fig. 4. Region division of TST. (a) With NE ¼ 4. (b) With NE ¼ 8.

Fig. 6. The flowchart of cascaded adaptive routing scheme.
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output channel from candidate channels and then for-
wards a packet.

� Step 3. Determine whether the destination is in the
observation region. If it is not in the observation region,
the algorithm returns to step 2. If it is in the observation
region, the packet is routed to the destination directly
and this process terminates.

4.2 Minimum Congestion Searching (MCS) Algorithms

A primary challenge in cascaded routing is how to identify cas-
caded regions for traffic balancing. Fixed searching and random
searching are typically used to search for cascaded regions [30].
However, these search methods do not consider traffic status. As
packets may be forwarded to a busy cascaded region, these search
approaches could cause traffic congestion.

To search for an uncongested cascaded region, minimum con-
gestion searching determines that this region that has the smallest
ant packet rate, which is the number of transferred ant packets in a
time period. This design concept is similar to the minimal multi-
plexed selection function, which minimizes the number of mes-
sages being multiplexed onto a physical link simultaneously [7].
MCS first selects the cascaded region that has the smallest number
of ant packets being passed. If multiple cascaded regions have the
smallest number of ant packets, this search approach selects the
least-recently-used region. Notably, the trend of pheromone value,
also called as updating rate, can represent the ant packet rate. That
is, if a lot of ant packets are transferred to a region, the pheromone
level in this region will be increased rapidly. Consequently, accord-
ing to the trend of pheromones, MCS balances the number of pack-
ets being routed through a region simultaneously. Furthermore,
pheromones can be updated equally for each region-channel pair.
The routing table can reserve representative pheromones by
acquiring instantaneous congestion information. In summary,
MCS can increases flexibility for the search for cascaded regions
and make a better routing decision for more precise pheromones.
Therefore, it has a higher saturation throughput than fixed search-
ing and random searching. The pseudo code is shown in the sup-
plemental material III, available online.

5 PERFORMANCE COMPARISONS AND EVALUATIONS

5.1 Simulation Environment and Setup

Experiments are evaluated by using Noxim, a NoC simulator [16].
A 16� 16 mesh network topology is constructed. The system uses
the virtual-channel flow control [28] and round-robin arbitration.
The cycle time of handshaking mechanism is set to one cycle [13].
The odd-even routing function [5] is used in experiments. Since
network performance is susceptible to the quality of path selection
in a buffer-limited network, a simulation environment with the
limited buffer is suitable to evaluate different strategies of path
selection. Therefore, we set the buffer size for each physical chan-
nel to four flits.

The experiments use uniform random traffic, transpose1
traffic, and hotspot traffic to evaluate performance. Besides,

there are two kinds of hotspot traffic that can be used: 1) hs-
center traffic, where the four hotspot nodes [(7, 7), (7, 8), (8, 7),
(8, 8)] located at the center of network; 2) hs-row traffic, where
the four hotspot nodes [(4, 9), (5, 9), (6, 9), (7, 9)] located at the
same row. The temporal distribution of traffic is a self-similar
distribution, which exhibits a long-range dependence property
[4]. The parameters of self-similar traffic, aon ¼ 1:9 and
aoff ¼ 1:25, are set in Noxim. Each simulation run has 52,000
cycles; the first 2,000 cycles are to warm up the NoC systems.

The average latency and saturation throughput are used as per-
formance metrics [3]. To fairly compare different routing schemes
in our experiments, saturation throughput can be accurately
defined as the packet injection rate (pir, 10�3 packets/cycle/node)
that corresponding to the twice zero-load latency of OBL-based
adaptive routing [29].

5.2 Performance Analysis of TET

To reduce TCRTET , the relationship between TCRTET and satura-
tion throughput of the 16� 16 mesh is analyzed. The experimental
process changes the observation window size (i.e., the range of Wob

is 1–8) and records each saturation throughput. Fig. 7 shows differ-
ent Wob in different traffic patterns. For random traffic and trans-
pose1 traffic, a suitable TCRTET value exists with 1.61 and 2.31
percent performance degradation, when Wob is 6 and equals the
low bound of the range of Wob, which is derived by (2). Notably,
under transpose1 traffic, due to high average of hop count
ðHav ¼ 10:58Þ and high deviation of hop count ðHvar ¼ 32:89Þ, per-
formance degrades dramatically as the decrease of Wob. For hs-cen-
ter traffic and hs-row traffic, a suitable TCRTET value exists with
0.53 and 0.75 percent performance degradation, when Wob is 6. In
summary, Wob ¼ 6 is chosen to construct the routing table. The
TCRTET value is 0.329, meaning that routing table size can be
reduced by 67.1 percent.

5.3 Performance Analysis of TST

The experimental process changes the number of shared region (i.
e., NE ¼ 1; 4; 8, and 16) and records each saturation throughput.
Fig. 8 shows different NE in the 16� 16 mesh in different traffic
patterns. For random traffic and transpose1 traffic, a suitable
TCRTST value exists with 4.25 and 9.45 percent performance degra-
dation, when NE is 8. Similarly, for the hs-center and hs-row, a
suitable TCRTST value exists with 2.01 and 2.46 percent perfor-
mance degradation, when NE is 8. In the hs-center and hs-row,
due to the high congestion of some regions, a lot of pheromones in
these congestion regions will result from the similar traffic condi-
tion. Therefore, we can share these dependent pheromones of hot-
spot traffic more efficient than that of other traffic patterns.
Therefore, when NE is 8, the performance degradation of hotspot
traffic is smaller than that of random and transpose1 traffic. In
summary, NE ¼ 8 is chosen to merge the routing table for further
performance improvements. The TCRTST value is 0.031, meaning
that routing table size can be reduced by 96.9 percent.

Fig. 7. The saturation throughputs versus TCRTET (a) Under random and trans-
pose1 traffic. (b) Under hs-center and hs-row traffic.

Fig. 8. The saturation throughputs versus TCRTST (a) Under random and trans-
pose1 traffic. (b) Under hs-center and hs-row traffic.
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5.4 Performance Analysis of RACO-CAR

According to the above experiments, this work sets Wob ¼ 6 and
NE ¼ 8 for RACO scheme. Besides, we use MCS to assist the
RACO scheme in making a better routing decision by increasing
flexibility for the search for cascaded regions. The performance of
RACO-CAR is compared with that of OBL, NoP, and RCA-quad-
rant. Figs. 9 and 10 show average latency for OBL, NoP, RCA, con-
ventional ACO, and RACO-CAR. For four traffic patterns,
simulation results indicate that RACO-CAR, with the reduced
routing table, performs the same as conventional ACO selection.
This means that MCS can compensate for the performance loss
caused by only using the RACO scheme. Moreover, RACO-CAR
has lower average latency and higher saturation throughput than
the other selection functions. Improvements of RACO-CAR to the
OBL selection and the NoP selection are 6.49-36.84 percent and
4.71-18.18 percent in saturation throughput, respectively. RACO-
CAR also has higher saturation throughput with an improvement
of 3.9-36.67 percent compared with RCA.

Notably, under hs-row traffic, the NoP selection ignores the
node restricted by odd-even turn model; therefore, it prefers an
output channel to transfer packets. The preferred channel could be
congested more seriously than others. That is, the NoP selection
could forward most packets to these channels along the row, where
the hotspot nodes location. Moreover, RCA introduces excess con-
gestion information that is located outside of the minimal path
defined by a source-destination pair [21]. Under hs-row traffic, due
to a sequence of hotspot nodes in the same row, this excess infor-
mation could be continually aggregated along a row. Therefore, it
easily causes an unfair comparison of selection function when hot-
spot nodes are located outside of minimal paths. This unfair selec-
tion results in a biased decision and losing the adaptivity of
routing. It can cause further congestion and increase the packet
latency. Consequently, the average latency of the RCA selection is
longer than the other selection functions.

5.5 Analysis of Latency Distribution for RACO-CAR

To analyze the latency distribution, we divide the range of
latency values into four levels: 1) low level (0-10 cycles), 2) medium
level (11-100 cycles), 3) high level (101-1,000 cycles), and 4) ultra-
high level (1,001-10,000 cycles). Figs. 11 and 12 show the latency
distribution, which are snapshots of the network for a packet

injection rate, for different traffic patterns. A latency distribution
graph plots the percentages of packets (in the Y -axis) for four lev-
els of latency. Besides, the worst-case latency and standard devia-
tion of latency are summarized in Table 1. We observe these data
at a packet injection rate of non-saturated traffic.

� Latency distribution of RACO-CAR is similar to that of ACO.
We can observe that the ratios of different levels in RACO-
CAR are almost the same as that in conventional ACO.
These results further indicate that RACO-CAR performs
the same as ACO with full table.

� RACO-CAR has a narrower latency distribution than the other
routing algorithms. Under different traffic patterns, over 90
percent of total packets belong to the low and medium
level. That is, RACO-CAR can effectively forward most
packets to uncongested path for latency reduction. Also, it
has smaller worst-case latency and standard deviation of
latency than the other algorithms, as shown in Table 1. For
example, under random traffic, the RACO-CAR scheme
achieves up to a 92 percent reduction in the worst-case
packet latency and a 96 percent reduction in the standard
deviation when compared with the OBL.

5.6 Analysis of Performance Scalability

The performance scalability of routing algorithm plays an impor-
tant role in determining the performance of large-scale NoC sys-
tems. To investigate the effect of the network size on the
performance, we analyze the network throughput (NT) of different
selection functions for different NoC sizes. The experimental
process changes the network sizes (i.e., these sizes are 10� 10;
12� 12; 14� 14; 16� 16; 18� 18, and 20� 20) and records each
NT, which is defined as

NT ¼ total received flits=total cycles: (5)

Fig. 9. The average latency of OBL, NoP, RCA, ACO with full table, and RACO-
CAR. (a) Under random traffic. (b) Under transpose1 traffic.

Fig. 10. The average latency of OBL, NoP, RCA, ACO with full table, and RACO-
CAR. (a) Under hs-center traffic. (b) Under hs-row traffic.

Fig. 11. The latency distribution of different routing schemes. (a) Under random
traffic, pir ¼ 0.03. (b) Under transpose1 traffic, pir ¼ 0.023.

Fig. 12. The latency distribution of different routing schemes. (a) Under hs-center
traffic, pir ¼ 0.0038. (b) Under hs-row traffic, pir ¼ 0.004.

TABLE 1
Worst-Case Latency and Standard Deviation of Latency
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For RACO-CAR, these experiments sets Wob ¼ 7 and NE ¼ 8 to
keep the same condition (i.e., the cost of routing table). Besides,
these experiments use transpose1 traffic to evaluate NT. Fig. 13
shows NT for OBL, NoP, RCA, and RACO-CAR in different NoC
sizes. For a given network size, RACO-CAR performs better than
the other selection functions, especially for large network sizes. For
instance, in a 20 � 20 mesh, improvements of RACO-CAR to OBL,
NoP, and RCA are 55.04, 33.33, and 14.61 percent in NT, respec-
tively. Notably, the NT of OBL and the NT of NoP both gradually
become saturated as the network size increases. Besides, due to the
interference of excess information, the NT of RCA also increases
slowly. The NT of RACO-CAR, in contrast, grows steadily as the
network size increases, meaning RACO-CAR improves the scal-
ability of performance. Namely, it has the high potential to esti-
mate traffic-flow trends in a large NoC by simultaneously
considering historical congestion and current traffic information.

6 IMPLEMENTATION AND COST COMPARISONS

6.1 Architecture of RACO-CAR Router

Fig. 14 shows a block diagram of the router architecture with the
proposed RACO-CAR scheme. The RACO-CAR router is the two-
stage pipeline routing. Each flit of a packet proceeds through two
stages. Stage 1 comprises routing computation (RC), virtual chan-
nel allocation (VA), and switch allocation (SA). Stage 2 comprises
table updating (TU) and switch transversal (ST).

The router structure is based on the data path and control logic.
The data path consists of five input parallel FIFO buffers and one 5
� 5 crossbar switch. Since the bandwidth needs of forward ants are
larger than that of backward ants, a non-uniform VC planning is
applied [32] for different phases of ACO. We divide a physical
channel into two VCs for all routers. For example, if these buffers
have a capacity of four flits, one VC with three-flit buffer is for for-
ward ants; the other one with one-flit buffer is for backward ants.

Control logic has four components: 1) the RACO-CAR compu-
tation unit; 2) the table-updating unit; 3) the VC allocator; and 4)
the switch allocator. The critical path of RACO-CAR is shown in
Fig. 14. The start point of critical path is the read pointer register of
FIFO. The end point of critical path is the register that stores the
grant signal in the switch allocator. The critical path mainly

consists of the controller of FIFO buffer, RACO-CAR computation
unit, virtual channel allocator, and switch allocator. The detailed
designs of components are shown in the supplemental material V,
available online.

6.2 Area Efficiency of Proposed RACO-CAR Router

An NoC is resource-constrained and, thus, NoC design should
focus on communication performance and area cost. Conventional
approaches adjust buffer size to alleviate traffic congestion. There-
fore, this work designs three routers based on the static XY routing,
which is a popular routing of NoC in the industrial world [6], with
different buffer depths in Verilog. Besides, we design six adaptive
routers based on the OBL and NoP selection with two VCs with
two-flit buffer, three-flit buffer, and four-flit buffer. Each flit size is
34 bits. These routers are compared with the conventional ACO
router (full routing table) and RACO-CAR router. The generated
RTL codes are synthesized with the maximum frequency by using
the synopsys design compiler; the technology used is UMC 90-nm
CMOS process. Table 2 shows total area (mm2), saturation through-
put (Gbps/node), area efficiency (Gbps/node/mm2), and power
consumption (mW).

� RACO-CAR can be implemented with reasonable area overhead.
Table 2 shows the total area of all synthesized routers. The
cost of a conventional ACO router is the highest of all
routers because routing table size dominates total cost.
Since NE ¼ 8 is chosen to merge the routing table, the 255
� 2 routing table can be compressed into an 8 � 2 routing
table. Consequently, the total area of the RACO-CAR
router can be reduced by 62.59 percent and the total num-
ber of bits in routing table can be reduced by 96.86 percent.
The power consumption of RACO-CAR is only 30.2 per-
cent of that of the conventional ACO router.

� RACO-CAR has higher area efficiency than the other router
designs under the same conditions of buffer size. Although the
simple traditional routers (i.e, XY and OBL) can operate at
higher frequency than RACO-CAR does, the high-speed

Fig. 13. The network throughput of different network sizes.

Fig. 14. The block diagram of router (the grey blocks represent the RACO-CAR
scheme; the red line represents the critical path of router).

TABLE 2
Total Areas, Saturation Throughput, and Area Efficiency
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operation also causes the additional area overhead and high
power consumption. Therefore, under the same conditions
of buffer size, Table 2 shows that the RACO-CAR scheme
has higher area efficiency than the other router designs.
Besides, Table 2 shows that increasing buffer size is ineffi-
cient for the same type of router. Although buffer space can
be increased unceasingly to provide additional network
capacity to accommodate additional packets, congestion
cannot be avoided.Moreover, the FIFO area dominates total
router cost; therefore, large buffer space must generate high
area overhead, especially for simple routers (e.g., XY and
OBL). Also, since XY andOBL routers have simple and low-
cost routing units, the total costs are strongly dependent on
the FIFO overhead. Finally, we can conclude that the
RACO-CAR scheme is feasible for NoC systems because
this scheme efficiently reduces the table cost and achieves
the best tradeoff between cost and performance.

7 CONCLUSIONS

This work focused on the table cost problem encountered when
designing of an ACO-based adaptive routing scheme for NoCs.
The primary goal is to model the ant colony metaphor by consider-
ing additional NoC characteristics and appropriately transforming
ACO-based adaptive routing to fit NoC systems. To reduce imple-
mentation cost of a routing table and balance network load, this
work applies the RACO-CAR scheme. Routing table cost can be
reduced by 96.86 percent via the proposed TET and TST. Moreover,
for a given network size, the RACO-CAR scheme has higher net-
work throughput compared with OBL, NoP, and RCA, especially
for large network sizes.
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